Introduction
Dioxygen is a strong oxidant but requires activation by a catalytic center to overcome kinetic reaction barriers. The activation of O 2 by metalloenzymes typically involves an oxy-metal complex, the formation of which is often gated by substrate binding to the enzyme to ensure that the ensuing metal-oxo intermediates specifically oxidize substrate. A combination of primary and secondary metal coordination sphere interactions may control the formation of the oxy-metal complex. The choice of metal and ligands must provide a catalytic center that can act as a reductant for O 2 , whereas hydrogen bonding from vicinal residues can stabilize the transfer of electron density onto O 2 from the metal. The oxy-metal complex is generally formulated as superoxide bound to a trivalent metal (M III -O 2 Á-), and consequently, its rate of formation and the strength of the complex formed should be highly dependent on the reduction potential of the metal. The one-electron reduction of O 2 to superoxide at neutral pH requires a moderately strong reductant, which is one rationale for the propensity of nature to use iron in enzymes for O 2 activation. The reduction potential for Mn III /Mn II is approximately 0.8 V more positive than that for Fe III /Fe II for equivalent complexes of the two metals, which implies an O 2 reactivity for manganese orders of magnitude lower than for iron.
Extradiol catecholic dioxygenases catalyze the cleavage of the aromatic ring of the substrate adjacent to the vicinal OH substituents with incorporation of both oxygen atoms from O 2 [1] . This reaction is a key step in the ability of nature to reclaim large quantities of carbon sequestered in aromatic compounds. The active sites of these enzymes contain a divalent metal coordinated by a two histidine, one carboxylate facial triad, which is a common motif of nonheme enzymes that activate O 2 [2, 3] . Homoprotocatechuate 2,3-dioxygenase (HPCD) catalyzes the ring opening of homoprotocatechuate (HPCA). As isolated from Brevibacterium fuscum, HPCD contains Fe II as the native metal ion (FeHPCD), whereas the enzyme from Arthrobacter globiformis contains Mn II . Despite this difference, the two enzymes have approximately equal turnover numbers (k cat & 10 s -1 ) [4] [5] [6] . Moreover, further studies have demonstrated that interchanging the metals in the two enzymes does not significantly affect the steadystate kinetic parameters [7] .
Given the above-mentioned intrinsic differences in metal redox potential, it is surprising that the iron and manganese forms of HPCD display the same steady-state kinetics. The crystal structures of HPCD with iron and manganese are the same within experimental error for the entire protein, indicating no significant difference in protein interaction with the metal [7, 8] , and thus the large intrinsic difference in reduction potential for iron versus manganese is approximately maintained in the protein environment. The steady-state parameter k cat =K O 2 M is particularly relevant in the context of the present study, since it incorporates all of the rate constants for the reaction cycle steps involved in O 2 activation. The constant value of this parameter for the manganese and iron forms of the enzyme suggests that the flux through this critical part of the reaction cycle is metal-independent. Consequently, a mechanism has been proposed that does not invoke a kinetically significant redox event during catalysis [7] .
In accord with the mechanistic proposal, stopped-flow and rapid freeze quench (RFQ) studies of the reaction of the [12] . NO is capable of binding to divalent metals with coordination geometries that are similar to those of O 2 . The reduction of a single NO by a metal is generally limited to one-electron chemistry, allowing the formation of a stable M III -NO -complex [13] . NO can form hydrogen bonds with protein residues in a manner similar to O 2 .
Here we report for the first time NO binding to a nonheme enzyme containing manganese. This binding allows us to examine the factors governing the formation and detection of the M III -O 2 Á-species in all forms of HPCD. It is shown that NO, and presumably O 2 , binding is sensitive to both the nature of the catecholic substrate present and the nature of the active-site amino acid residue at position 200. Because of the higher potential of the manganesesubstituted enzyme, three factors are brought into focus: (1) the reduction potential of the active-site metal, (2) the hydrogen bonding to His200, and (3) the protonation state of His200. The different catechols and enzyme variants used in this study allow these factors to be probed separately. The results provide insight into the forces that control the electron redistribution required for O 2 activation and reaction with a substrate in extradiol dioxygenases.
Materials and methods

Reagents and enzymes
Recombinant MnHPCD was prepared as previously described with minor changes [10] . Specifically, manganese was added to the cell cultures before and after induction of protein expression. The preparations had manganese incorporation of 0.8 equiv per protein molecule and no detectable iron contamination, as determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES) [7] and electron paramagnetic resonance (EPR) spectroscopy. MnHPCD variants were produced using the overexpression vectors previously described for FeHPCD variants [14] . The cells were grown as described for MnHPCD and also purified using the same procedures. All samples were prepared with nominally 1 mM protein in 50 mM 3-(N-morpholino)propanesulfonic acid, pH 7.8 unless otherwise noted. HPCA was purchased from SigmaAldrich and was further purified with both a charcoal treatment and recrystallization from ethyl acetate/hexane. Stock solutions of HPCA were brought to pH 7.8 with small additions of 1 M NaOH. HPCA solutions were prepared fresh daily and quantified by reacting an aliquot of the solution with MnHPCD to stoichiometrically form a product, the concentration of which was determined spectrophotometrically (e 380 = 38,000 M -1 cm -1 ) [15] . O 2 -saturated buffer was prepared by bubbling O 2 from a tank into stirred buffer for no less than 3 h. Anaerobic samples of MnHPCD were prepared by passing argon gas over the top of the sample as it was stirred at 4°C for 2 h in a sealed vial. Anaerobic buffer and substrate solutions were prepared on a Schlenk line with a minimum of five pump/ purge cycles using a vacuum of 10 lTorr or better.
NO additions
Samples of MnHPCD were prepared anaerobically as described already. To these samples, NO additions were made with anaerobic solutions of diethylamine NONOate diethylammonium salts (DEA NONOates). The DEA NONOates were dissolved in rigorously degassed buffer, and an aliquot was added to the protein sample shortly after dissolution, typically less than 5 min. The protein sample was then allowed to sit for 20 min at room temperature to allow the generation of NO from the dissociation of the DEA NONOates. EPR spectra were recorded before and after the addition of NO.
For the NO titration experiments, two methods were used. First, a weighed sample of DEA NONOates was dissolved in buffer and added rapidly to the protein sample as described for the normal NO addition. However, in this case, the sample was frozen immediately after addition and EPR spectra were recorded. The sample was then thawed on the Schlenk line and allowed to react at room temperature for the time indicated. The equivalents of NO were then determined on the basis of the calculated rate of decay (half-life of 16 min) for the DEA NONOate solution. A second method involved dissolving DEA NONOates in rigorously degassed buffer and allowing this solution to sit for more than 1 h to generate an NO-saturated (3 mM) solution, which was then titrated into an anaerobic protein sample. In one sample, an excess of NO was added to the protein by bubbling NO gas through a base bath and then passing it over the sample for 20 min.
EPR spectroscopy X-band EPR spectra were recorded with a Bruker ESP 300 spectrometer equipped with an Oxford Instruments ESR 910 cryostat and a Bruker bimodal cavity for generation of microwave fields parallel and transverse to the static fields.
The modulation amplitude and frequency were 1 mT and 100 kHz for all spectra. The microwave frequency was calibrated with a frequency counter, and the magnetic field was calibrated with an NMR gaussmeter. The temperature was calibrated with a carbon glass resistor (Lakeshore CGR-1-1000). A CuEDTA spin standard was used to account for all relevant intensity factors. The EPR data of the mononuclear species were analyzed in terms of the standard spin Hamiltonian (Eq. 1),
where all parameters have their standard meanings. For quantitative simulation of spectra, we used the Windows software package SpinCount, which allows determinations of spin concentrations.
Results
Characterization of enzyme and enzyme-substrate complexes
MnHPCD and variants MnH200Q and MnH200N were purified as described in ''Materials and methods.'' Lowtemperature EPR spectra and simulations are shown in Fig. 2 for protein in 50 mM 3-(N-morpholino)propanesulfonic acid, pH 7.8. All spectra show a six-line hyperfine pattern (a = 8.9 mT) from Mn II at g = 2.00, which originates from the |±i doublet of the S = 5/2 spin multiplet. These signals were clearly not from adventitious Mn II as they vanished in the presence of substrate, whereas the addition of substrate to a buffered MnCl 2 solution did not affect the sharp six-line pattern of aquo-Mn II . Furthermore, the addition of 0.1 equiv of EDTA did not affect the intensity of the signals in Fig. 2 , indicating that no free Mn II was available for chelation, as the EPR spectrum of Mn II EDTA did not display a six-line pattern at g = 2.0. The spectrum of MnH200Q showed relatively small changes from that of MnHPCD. The resonance at g = 2.52 (from the |-3/2i to |-1/2i transition) shifted to g = 2.61. The spectrum of MnH200N was significantly different and consists of two species. The major species (75 %) has larger values of D and E/D (0.064 cm -1 , 0.32) compared with the minor species (25 %), which is similar to that from MnHPCD. The larger D value of the major species shifted the |-3/2i to |-1/2i transition to g = 3.20. The simulations used Eq. 1 for the parameters given in Table 1 , which allowed accurate determinations of the electronic symmetry parameters D and E/D of the metal environment, and the intrinsic distribution of these parameters (r). The simulations were found to be in quantitative agreement with the manganese concentration in the samples determined by ICP-AES analysis. Table 1 . Instrumental conditions were as follows: temperature, 10 K; microwaves, 0.2 mW at 9.6 GHz Enzyme samples were made anaerobic, and 10 equiv of anaerobic substrate (or inhibitor in the case of 4NC) was added to form the enzyme-substrate complexes. The substrates and inhibitors are listed in Fig. 3 . EPR spectra and simulations of these complexes are shown in Fig. 4 . The binding of substrate caused a significant change to the spectra of all three species, most noticeably the loss of the g = 2 hyperfine pattern and the growth of a six-line pattern near g = 4.3 from two transitions: j Ç
The simulations were generated with the parameters given in Table 1 and were found to be in quantitative agreement with the manganese concentration determined by ICP-AES analysis. The EPR spectrum of MnHPCD with dihydroxymandelic acid (DHM) (Fig. 4, spectrum B) was indistinguishable from that of MnHPCD-HPCA (Fig. 4 , spectrum A). In contrast, the spectra of MnH200Q-HPCA (Fig. 4 . spectrum C) and MnH200N-HPCA (Fig. 4 . spectrum D) were notably and reproducibly different from the spectrum of MnHPCD-HPCA.
The addition of 4NC to MnHPCD caused the formation of a species (MnHPCD-4NC, Fig. 4 , spectrum E) with EPR signals significantly different from those of the other enzyme-substrate complexes. The broad shoulder at g = 2.61 in the spectrum of MnHPCD-HPCA was shifted to g = 3.20, and the hyperfine pattern at g = 4.3 was significantly diminished. The simulation accounted for all of the observed features, with the exception of a 2 % contaminating aquo-Mn(II) species at g = 2.00, and was in quantitative agreement with the manganese concentration determined by ICP-AES. MnHPCD-4NC was found to be stable on exposure to air, consistent with 4NC being an inhibitor of MnHPCD.
Reaction of NO with enzyme complexes
Samples of MnHPCD and all the species shown in Fig. 4 were prepared anaerobically, and NO was added with anaerobic solutions of DEA NONOates as described in ''Materials and methods.'' The addition of excess NO to MnHPCD, MnH200Q-HPCA, MnH200N-HPCA, and MnHPCD-4NC resulted in no change to the EPR signals.
In contrast, addition of NO to MnHPCD-HPCA and MnHPCD-DHM resulted in the loss of all EPR signals assigned to these species. Samples of these enzyme species were also assayed for reaction with O 2 . Table 1 . Instrumental conditions were as follows: temperature, 10 K; microwaves, 0.2 mW at 9.65 GHz abilities of the various species to react with NO or O 2 , and as indicated, the reactivity with NO was found to parallel that with O 2 .
A titration of MnHPCD-HPCA with NO was performed as described in ''Materials and methods.'' The addition of 0, 1, and 2 equiv of NO and excess NO (NO gas bubbled over the sample as described in ''Materials and methods'') resulted in a decrease in the enzyme-substrate signal as shown in Fig. 5 , with relative signal intensities of 1, 0.57, 0.30, and 0.1, respectively. A small fraction (less than 15 %) of MnHPCD without substrate bound was present at all titration points. The pH of the samples was not significantly affected by the addition of NO. The spectrum with excess NO was made from a fresh protein sample. Anaerobic samples were then exposed to O 2 and monitored optically for the rate of product production. The rate of product production was not affected by the exposure to NO.
EPR spectra of the same titration samples are shown in Fig. 6 with the microwave field B 1 parallel to the static field B (parallel mode). A six-line hyperfine pattern at g = 8.5 with a = 4.6 mT was observed to grow in intensity with increasing amount of NO. The simulation of this , E/D = 0.10. Instrumental conditions were as follows: temperature, 5 K; microwaves, 20 mW at 9.31 GHz Fig. 7 The temperature dependence of the g = 8.5 EPR signal in Fig. 6 . The data points were determined from the signal intensity times temperature. The curve was calculated for the spin population of the ground |2 ± i doublet of an S = 2 system with D = -4 cm
, as indicated by the energy-level diagram signal (Fig. 6, spectrum F) is for an S = 2 spin system using the parameters given in Fig. 6 . D is -4 (1) cm -1 as determined from the temperature dependence of the g = 8.5 signal shown in Fig. 7 . The electronic parameters of the species are consistent with an S = 2 Mn III ion [16] . An S = 2 system could conceivably also be observed for Mn II interacting with a substrate semiquinone radical; however, the low hyperfine splitting constant of 4.6 mT rules out such a complex. The addition of more than 1 equiv of NO resulted in a significant increase in the concentration of this species. The amount of Mn III determined from the simulation of the signal of the excess NO sample was between 25 and 40 % of the manganese in the sample. The range for this amount is due to the uncertainty in the intrinsic g value of Mn III (1.95-2.03) [17] [18] [19] .
As is evident in Fig. 6 , spectrum A, this signal was present prior to addition of NO, indicating it was not from the NO-bound species. Furthermore, the concentration of the Mn III species formed did not correspond to the amount of MnHPCD-HPCA lost. In the absence of NO, the g = 8.5 signal in Fig. 6 , spectrum A accounts for at most 10 % of the manganese in the sample. After the addition of 1 equiv of NO (Fig. 6. spectrum B) the signal shows a small increase to at most 15 % of the manganese in the sample. In contrast, the same sample shows a 40 % loss of the signal intensity from the Mn II center of the MnHPCD-HPCA complex (Fig. 5, spectrum B) .
Repeated attempts to dissociate NO by nitrogen gas exchange and photolysis were unsuccessful for samples with low and high numbers of equivalents of NO, indicating high stability of the Mn-NO complex. However, the aerobic incubation of the sample resulted in product formation as evidenced by the solution changing color to bright yellow and recovery of the EPR signal (Fig. 5 . spectrum E) from the substrate-free enzyme, without a change in the amount of the Mn III species (Fig. 6 , spectrum E). The HPCD substrate, which was 12-fold in excess over protein, was consumed during the aerobic incubation. After aerobic incubation, the amount of enzyme-free Mn II species (determined from the intensity of the g = 2 signal) plus the amount of the Mn III species was equal to the amount of enzyme-substrate complex before addition of NO. This indicates that O 2 can displace or react with the bound NO and subsequently turn over the substrate, but the Mn III species is unreactive. In summary, the addition of NO to the Mn II enzyme-substrate complex results in the formation of a major MnNO species that is EPR-silent and a minor Mn III species. In the presence of O 2 , the Mn-NO species can undergo reactions that regenerate the enzyme-free Mn II complex, whereas the Mn III species does not undergo further reaction.
Discussion
The current study shows that the binding of NO to MnHPCD is regulated by both the presence and the nature of the catecholic substrate ligand as well as the active-site acid/base catalyst His200. Past studies with FeHPCD and the related Fe II enzyme protocatechuate 4,5-dioxygenase have shown that neither a catecholic substrate nor His200 (unpublished result) is required for NO to bind, although the NO binding affinity is increased at least 40-fold when a catecholic substrate is also bound [20, 21] . By and large, the ability of these enzymes and their variants and complexes to bind NO parallels their ability to bind O 2 . The exception to this correlation is that substrate-free FeHPCD can bind NO but not O 2 , suggesting that NO can form a stronger bond. The comparison of NO and O 2 binding offers insight into the mechanism of O 2 activation by extradiol dioxygenases and the roles played by the substrate, metal, and protein active site in this process. These aspects of the catalytic cycle are discussed here.
As summarized in Fig. 8 , the addition of NO to the MnHPCD-HPCA complex or the MnHPCD-DHM complex results in the formation a new Mn-NO species. Only these two complexes are capable of reacting with NO. The resulting NO complex is found to be highly stable, as evidenced by its near irreversible formation. This complex does react with O 2 to form product and regenerate the substrate-free Mn II complex. In addition, a fraction of the Mn-NO complex may occasionally release NO -, or may possibly react with NO, to form a stable Mn III enzyme complex. Presumably, the substrate remains bound to aid in stabilization of the trivalent metal state. To our knowledge, this is the first reported occurrence of the reaction between Mn II and NO to form a stable Mn-NO protein species in a nonheme enzyme. NO will form Mn-NO complexes in manganese-substituted heme proteins [22] . Also, NO will react with the manganese cluster of photosystem II and with the dinuclear manganese cluster of manganese catalase [23] , but for these enzymes the reaction occurs with manganese in an oxidation state higher than ?2, and the addition of NO results in reduction of manganese rather than oxidation as observed here.
We are not able to assign a spectroscopic feature to the Mn-NO complex: it is EPR-silent. This species clearly does not give rise to the g = 8.5 signal that is assigned to a Mn III species. We attempted to observe the MnNO species in parallel mode with low-temperature Q-band EPR spectroscopy, but without success. Visible absorption measurements were also attempted on several samples, but the samples have no significant absorption. Fourier transform IR spectroscopy has been previously attempted on the wellcharacterized Fe-NO complexes of HPCD, but the NO vibration could not be detected owing to strong protein vibrational bands. On the basis of manganese model complexes [24] , the expected NO vibrational frequency would be near 1,700 cm center is generally believed to be outside the reduction potential range available in aqueous environments. An Mn II -NOÁ species would result in S = 2 and S = 3 spin states from exchange coupling between the S = 5/2 Mn II and S = 1/2 NOÁ. This species would likely be EPRdetectable in parallel mode, as the zero-field energies of Mn II centers are small compared with the microwave quantum of energy for X-band or Q-band EPR spectroscopy. The EPR properties of such a complex would be similar (ignoring Mn hyperfine coupling) to that of the Fe III -superoxo complex of HPCD mentioned in ''Introduction'' [11] . Thus, the absence of an EPR signal suggests a Mn III -NO -formulation. A Mn III -NO -complex could be diamagnetic [25] or could have a ground S = 1 spin state from an antiferromagnetic exchange coupling between the S = 2 Mn III and the S = 1 NO -ligand. The diamagnetic complex would, of course, be EPR-silent, and although EPR detection of S = 1 complexes is possible [26] 
Effect of metal redox potential
As discussed already, it is likely that the very large difference in the solution reduction potentials of iron and manganese is maintained when these metals are bound in the enzyme active site because they are located in structurally identical ligand environments [7] . The effectively identical steady-state parameters for normal turnover and K
M indicate that this large difference in reduction potential does not substantially alter the catalytic rate and overall rate constant of the O 2 binding and activation through the first irreversible step of the process. The simplest rationale for this observation is either that the metal does not change oxidation state during this process or that later steps compensate for changes in O 2 binding rates. At least for the manganese enzyme, a transient Mn III state has been detected during turnover of HPCA, indicating that a metal oxidation state change is part of the overall reaction mechanism [10] . If the rate of binding of O 2 to manganese is significantly slower than the rate of O 2 binding to iron in the iron enzyme, as suggested by the large potential difference of the metal sites, the steps after O 2 binding must compensate such that the observed k cat and K This same rationale can be used in a different context to explain some aspects of the difference in NO reactivity of the FeHPCD and MnHPCD enzymes. In contrast to the normal catalytic mechanism, NO binding generally results in an increase in metal oxidation state and spin state change. This means that the rates of complex formation and the strength of the resulting complex should be very sensitive to the reduction potential of the metal. The comparatively low potential of iron in FeHPCD is always sufficient to reduce the NO during complex formation to yield an S = 1 NO -that is antiferromagnetically coupled to the resulting S = 5/2 Fe III to give the characteristic EPR-active S = 3/2 complex [12, 28] . In contrast, because of its much higher potential, the corresponding Mn II center cannot transfer an electron efficiently to NO without the additional participation of both a bound catecholic substrate and the key active-site His200 residue. How these latter moieties enhance NO binding has many aspects that will be addressed in turn.
Effect of the catecholic substrate
One likely effect of binding the anionic catecholate ligand is to tune the metal redox potential to a lower value, which presumably promotes the binding and reduction of NO (or O 2 ). This notion has been invoked to account for the substrate regulation of O 2 binding as well as the observed increase in NO affinity when substrate is bound to iron(II) dioxygenases [21] . The direct determination of the metal potential has not been possible for any extradiol dioxygenase owing to poor coupling with redox mediator dyes and the inherently high potential of the metal center. However, the EPR characterization of the MnHPCD complexes presented here provides another approach for an assessment of their relative reduction potentials.
Simulation of the EPR spectra allowed precise determination of the electronic parameters D and E/D that characterize the symmetry of the active site as well as the distribution of these parameters due to small bonding variations in the metal coordination. The factors governing D in Mn II complexes are complicated [30] , and more studies would be useful, but there appears to be a correlation with the reduction potential. Such a trend has been observed in manganese model complexes where an increase in the magnitude of D correlated to a decrease in the Mn III/II reduction potential [31] . In manganese superoxide dismutases, the D value has been correlated to activity, presumably due to changes in the manganese reduction potentials [32] . The D values for the various enzyme and substrate complexes of MnHPCD shown in Table 1 reveal three groups. The complexes lacking a substrate have the smallest D values (e.g., MnHPCD, 0.055 cm -1 ), whereas the substrate complexes have larger D values (e.g., MnHPCD-HPCA, 0.090 cm -1 ), and the MnHPCD-4NC inhibitor complex has the largest D value (0.125 cm -1 ). Because HPCA binds as a catechol monoanion [4, 33, 34] and 4NC binds as a dianion [35] , this trend in the D value is consistent with the expected decrease in the redox potential as the number of anionic ligands increases. The decrease in potential of the Mn II in the MnHPCD-HPCA complex is apparently sufficient to allow NO to bind, but the lack of binding in the MnH200Q-HPCA complex and in the even lower potential MnHPCD-4NC complex cannot be rationalized by this simple redox potential argument and reveals other aspects of substrate binding that are relevant to catalysis as discussed in the following.
Effects of His200
It is observed here that His200 is essential for the formation of the nitrosyl complex of MnHPCD in any of its complexes. His200 mutants of FeHPCD have previously been used to facilitate detection of early O 2 adducts and their reaction with substrates [9, 11, 14] . This work suggested four possible roles for His200 in HPCD catalysis: (1) it may provide steric bulk to promote side-on O 2 binding and the proper orientation to optimize specific reaction with the catecholic substrate; (2) it may serve as an acid catalyst to promote the O-O bond cleavage of the alkylperoxo intermediate in the Criegee rearrangement step; (3) it may act as a hydrogen-bond donor to stabilize the O 2 complex; and (4) it may assume a positive charge when it acts as an activesite base to deprotonate the second OH of bound HPCA. The use of NO simplifies the examination of the role His200 plays in small-molecule binding because it only binds endon, and it does not allow progression into the reaction cycle beyond the initial binding step. Thus, the first two suggested roles for His200 listed above do not come into play.
The putative role of His200 as a hydrogen-bonding partner to stabilize the bound NO may contribute to the strength of the complex. This would account for the failure of the MnH200N variant to bind NO, because crystal structures show that the amide side chain is too short to be able to form an effective hydrogen bond with a bound O 2 or NO [11] . In contrast, the longer side chain of H200Q would place the potential hydrogen-bonding amide at a similar distance from NO as N e of His200, so stabilization from hydrogen bonding is likely. Consistent with the formation of a hydrogen bond for H200Q, the EPR spectra and electronic parameters of the MnH200Q variant, both with and without substrate, are similar to those of the normal enzyme. This is in contrast to the spectra and parameters of the MnH200N variant, both with and without substrate, which are significantly different. In particular, the parameter E/D changes significantly for the MnH200N variant, which indicates a large symmetry change in the manganese coordination. These results are consistent with the presence of a hydrogen bond between the metal-bound water and either His200 of the normal enzyme or glutamine of H200Q, and the absence of the hydrogen bond to asparagine of H200N.
However, the inability of the MnH200Q variant to bind NO shows that hydrogen bonding and decreased potential from the anionic catechol are together still not sufficient to form a stable NO adduct. The same arguments can be directed at the MnHPCD-4NC complex. His200 is available for hydrogen bonding for this complex, and as suggested by the trend in the D value, the 4NC complex has an even lower potential, but again a stable NO adduct is not observed.
The final proposed role of H200 as a positively charged group to stabilize the charge developing on the NO -(or O 2 -) ligand can be supported by the data presented here. Neither asparagine nor glutamine can assume a positive charge in the physiological pH range, and thus no NO complex of H200N or H200Q with or without substrate bound would be expected to be stabilized. On the other hand, histidine is often protonated in enzymes near neutral pH, and its protonation is one step of the proposed acid/ base function of His200 in the mechanism of extradiol dioxygenases [1, [36] [37] [38] . The source of the proton in this proposal is the hydroxyl group of the bound monoanionic catecholic substrate. During the course of normal catalysis, this deprotonation event serves two purposes. First, it allows the substrate to ketonize as an electron is transferred to the metal to yield a reactive substrate radical. Second, it allows the substrate to carry in the proton required to protonate the alkylperoxo intermediate resulting from oxygen attack, and thereby promote the Criegee rearrangement required for ring cleavage.
In the model presented here, HPCA or DHM could provide the proton required to create a positively charged His200 and at the same time become a dianionic catechol to further lower the potential of the manganese. The initial binding of 4NC as a dianion means that a proton is not available from the catecholic ligand, and thus His200 remains neutral and unable to stabilize NO (or O 2 ) binding by a charge interaction, as observed.
Significance for catalysis
It is evident from past studies of the extradiol dioxygenase mechanism by our groups and others that the structural and electronic aspects of the process must come together perfectly to allow rapid and specific catalysis [9, 11, 14, 39] . The advantage of studying the metal-replaced analogs of FeHPCD, and in particular the nitrosyl complex investigated here, is that the effects of structural or electronic perturbations are often dramatically enhanced, in some cases allowing their contributions to catalysis to be investigated individually. For example, replacement of iron by manganese causes change in normal catalysis, but it causes H200X mutations to convert from being quite active to being inactive, and it allows a correlation between the ability to bind NO and activity with O 2 to be sharply drawn.
Given the identical active-site structures, it is likely that the same interactions are present in the FeHPCD and MnHPCD active sites. For MnHPCD, the interactions present a block to binding or catalysis, in contrast to FeHPCD, where the interactions perturb the chemistry but are not blocking interactions. For example, the H200N and H200Q variants of FeHPCD are both active (in contrast to the case for MnHPCD), but their activity is significantly lower than found for wild-type FeHPCD [14] . Similarly, NO binds well to MnHPCD-HPCA but does not bind to MnHPCD, whereas NO merely binds more weakly to the Fe II -containing dioxygenases in the absence of substrate.
In this context, it is very significant that a similar perturbation is not seen when FeHPCD and MnHPCD turn over HPCA (or DHM). This reinforces the idea that the very different redox potentials of iron and manganese are of little consequence in the optimized reaction. Nevertheless, they are of significant consequence in the reactions with modified substrates and active-site variants where metal oxidation state changes are seen to occur. Although changes in reduction potentials do not govern reaction kinetics, they are often associated with rate changes. One way to rationalize the observations is to assume that essentially the same steps occur in both the wild-type and the variant enzymes, but the inefficiency incurred by altering the optimal reaction causes it to slow down at steps that are usually fast. For example, the equivalent kinetic behavior of FeHPCD and MnHPCD, as well as the failure to observe any Fe III in RFQ samples from the FeHPCD-HPCA reaction with O 2 [9] , supports simultaneous or nearly simultaneous transfers of electrons from the metal to O 2 and from the HPCA to the metal. This would marginalize the significance of the metal redox potential even in a nonconcerted reaction because a low-potential metal that could reduce O 2 more rapidly would, in turn, be reduced more slowly by the substrate, resulting in compensating rates. In variants such as H200N and H200Q, the strong charge stabilization of the anionic substrate ligand suggested by the current study would be lost, and there would be less tendency for an electron to move from the catecholic substrate to the metal as a means to activate the substrate. Consequently, one might expect to observe the intermediate metal-superoxo species with a comparatively long lifetime, as has proven to be the case [11, 14] . Similar arguments could be made based on changes in the substrate that affect its protonation state or its ability to transfer an electron to the metal, and such changes have also led to the discovery of semistable intermediates with oxidized metal centers [8, 9, 11, 14, 40] .
Reduction of the M III -NO -species
In the proposed mechanism, formation of a M III -superoxo species would be followed by metal reduction by the catecholic substrate to generate a reactive ion pair. Since the metal is oxidized in the nitrosyl complex, this raises the question of why it is not reduced by the catecholic substrate in the substrate complex. A possible explanation is that the stability of the metal-nitrosyl complex is dependent on the metal remaining oxidized. The stability of this bond specifically in the case of the nearly irreversible Mn III -NO -complex observed here suggests that reduction would be a significantly disfavored process. However, it may occasionally occur, leading to the release of NO -and the formation of a stable Mn III -HPCA complex after transfer of an electron back to the substrate semiquinone. This may account for the slow oxidation observed here for the HPCA-MnHPCD-NO complex. Alternatively, independent of the substrate, a fraction of the Mn-NO complex may occasionally release NO -, or may possibly react with NO, to form a stable Mn III enzyme complex.
Conclusion
The use of MnHPCD has provided the first known stable formation of a Mn-NO complex in a nonheme enzyme, which is probably formulated as Mn III -NO -. This complex is formed only when His200 of the wild-type enzyme is present and only when a monoanionic catecholic substrate is bound to the metal. The high intrinsic reduction potential of manganese relative to iron, which would greatly disfavor NO or O 2 binding, is lowered by binding of the anionic substrate. However, this alone is not sufficient, and additional stabilization from hydrogen bonds and charge interactions that are linked to substrate specificity are required to bind NO or O 2 . This combination is also required for ring-cleaving catalysis in the normal O 2 -linked reaction of MnHPCD, which affirms the importance of specific primary and secondary coordination interactions for control of oxidation specificity. The correlation between activity and ability to bind NO also applies to FeHPCD, but a much wider range of substrates and activesite variants is tolerated. It is proposed that the requirement to change metal oxidation states during the formation of the NO complex makes the reaction sensitive to the redox potential of the metal and leads to the observed differences between the FeHPCD and MnHPCD NO binding reactions. It has been proposed that during normal catalysis, iron and manganese are oxidized to activate O 2 and nearly simultaneously reduced by the catecholic substrate, thereby activating it for reaction. Consequently, the metal redox potential plays a minor role. Nevertheless, the correlation between NO binding and O 2 -linked catalysis is consistent with the formation of a metal-superoxo species of some type during the catalytic cycle. Stabilization of that species by active-site interactions as indicated by the results presented here may dictate the rate and specificity of the ensuing reaction.
